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ABSTRACT 


Cold flow tests of a four nozzle eductor system were 
Poemaueted to evaluate the flow characteristics of several 
ieee Stack configurations. <A previously tested mixing 
stack design used a plug to shield the primary flow nozzles 
from view. Flow visualization was used to determine the 
flow pattern in the stack. The results of the visualization 
mam@sewere then used to modify the mixing stack geometry. 
Mm@emecuictoOr system flow characteristics were evaluated in 
terms of non-dimensional parameters governing the flow 
phenomena from a one dimensional analysis of a simple eductor 
system. The eductor system's pumping capacity was improved 


over that of the previously tested unmodified mixing stack. 








wd. 


nell. 


cer 


PX. 


ioe, OF CONTENTS 


INTRODUCTION -------------------------------- 
EDUCTOR ANALYSIS ---------------------------- 
EXPERIMENTAL CORRELATION -------------------- 
MODEL GEOMETRIES ---------------------------- 


A. MIXING STACK WITH PORTED AND 
SHROUDED PLUG --------------------------- 


PCOS Ow hrcA h ION OF THE PLUG =-+--------- 
wee PegiGestaen SIE MODIFICATION ---------- 


EXPERIMENTAL FACILITY ----------------------- 


A. PRIMARY AIR SYSTEM ---------------------- 
PRESEGC ONRY WA TR PLENUM )=---------=+--------- 
C. TERTIARY AIR PLENUM --------------------- 
D. ALIGNMENT ---------------crc rrr cr rrr corre 
E. INSTRUMENTATION ------------------------- 


Mae PRIMENTNL METHOD ------------------------- 
A PUMPING COEFFICIENTS ------------------->- 
B INDUCED AIR FLOW ------------------------ 
C. PRESSURE DISTRIBUTIONS ------------------ 
D. EXIT VELOCITY PROFILES ------------------ 
E FLOW VISUALIZATION ---------------------- 
DISCUSSION OF EXPERIMENTAL RESULTS ---------- 
CONCLUSIONS --------------cc crc rr ror rrr rrr 


PeeowrenWxthONS FOR PURITHER STUDY ----------- 





Mme Or REFERENCES -------------------------------+---- 44 


ee - AS 
TABLES ----------------------------------------------- 99 
APPENDIX A: ONE DIMENSIONAL ANALYSIS OF A 

SIMPLE EDUCTOR -------------------------- 140 
APPENDIX B: FORMULA ---------------rcc cc cc rrr crc ror oe 
APPENDIX C: DATA ACQUISITION AUTOMATION ------------- 135 
APPENDIX D: UNCERTAINTY ANALYSIS -------------------- 164 
INITITAL DISTRIBUTION LIST -------------------------->- 166 





PerGuRE 


FIGURE 


FIGURE 


FIGURE 


FIGURE 


FIGURE 


he GRE 


FIGURE 


PIGURE 
Ba GURE 


HePGUIRE 


EUGURE 
FIGURE 
FIGURE 
LGU RE 
PLGURE 
FIGURE 
ELGURE 


FEGURE 


10 


iT 


2 
5 
14 
Ls 
6 
17 
ts) 


eo 


meson. PIGURES 


— = ss = = Se |S —§ ws Se | = os 


Eductor Model Testing Facility 


Ealecrommiode | 1eéSting Facility, Secondary 
and Tertiary Air Plenums 


Seneiapremors Mixing stack Eductor 


Dimensional Illustration of Mixing 
stack with Symmetric Plug 


Sememattemonr Mixing Stack With 
Poreed and Shmouded Plug 


Senematigueot Plus Porting 
Arrangement 


— = we we we =F |= |—§ se B= BSF BS FSF |= BSF BS |= FF fF Ss |= =F B= as FSF |= | SF we = = 


Gisee limuseration 


Dimemsrondai Lilustration of Mixing 
Stdemeiatn Cusp 


— se se =e = sF BF |= SF =F BSF BF fs | | = B= §—§ ese = SF =| Se FP S| FSF = 


Peer scdcke with Cusp Installed 


Dimensional Illustration of Mixing 
Sedem Ween Cusp and Side Modification 


oerMlemoracw With Cusp and Side 
Medil le atom 


=a“ Fe ese ws =e we |= Be SB we ew Be Hw BF ese ew es Be WF ss = BF BF BF | SF SF FSF | — 


-_—-— = =e = SF = = = 


Secondary and Tertiary Air Plenums 


-— =a =F se =F se ws se ws FF ss = w= SF Fs |S FP we ww || FF 


Benerary in Plenum 


Meine stack Enerance With Air Seal 


Exact Vatiienad oe al 


Maximo stack 


—_—_— = =e ee = TP wee —-$ = TP = —- — = 


Mixing Stack Mounting Stand 


Lieeiemotack With Ported shroud 


Schematic of Instrumentation 
Senmemacic Of Instrumentation for 
Primary Air Flow Measurement 





FIGURE 20 
ESIGURE 21 


meGURE 22 


PeeGURE Z3 


FIGURES 24 
ape D, Cc 


FIGURES 25 


a-g 
FIGURES 26 

a-l 
FIGURES 27 

a-l 
FIGURE A-I 
FIGURE C-I 


meawRES C-If 


a, b 


Velocity Profile Apparatus ----------------- 64 


Example Plot of Pumping Coefficient -------- 05 
Schematic of Velocity Traverse 

eta or oatenIN te sme ee te ee ee 8 ee 66 
Schematic of Flow Visualization Results ---- 97 


Experimental Pumping Coefficient 


Comparisons -------------------------------- 68 
Experimental Film Pumping 

Coefficient Comparisons -------------------- ral 
Pclalermessiune Distribution 

Comparisons -------------------------------- 78 
Velocity Traverses ------------------------- 90 


Sanole single Nozzle Eductor 
System -------------- +--+ rrr eee eee Sy 


Schematic of Data Acquisition 
System ---------------- oer rrr re rr rere 161 


Mektictratkonnor Data AcCQUuISITCLOM: =--==>==-" 162 





Seon ABLES 


VONpuLer OMNLouE Of AG 


Mepis | through XVIII 
Eevemimenta levata -~---=------ 


Sample Calibration 


mepLeE C-I 
Program --------------------- 





NOMENCLATURE 


E@olish Letter Symbols 


A 


Pree cele ey 


2 


GQ 
QO 


ea 


Nicaea ity. 

Some velocity, ft/sec 
Eecmrtelemesor disicnarge 
Diameter, in. 

Thermal expansion factor 
Vebeeskin—Eriction force, 1bf 


EMOpOnULONahIty factor im Newton's Second 
Law, g. = 32.174 lbm-ft/1lbf-sec?® 


Eivemakoy sek ti/ 1 bm 

Ratio of specific heats 
Length, in. 

Pressure, in. HO 
Atmospheric pressure, in. Hg 


Velocity head, in. H 0 


Static pressure along length of mixing 
stack in. H 0 
2 


Caemi@eGnsceanceroreair, 55.54 £t-lb£/lbm-R 
Entropy, Btu/lbm-R 

Primary dimension of mixing stack 
Absolute temperature, R 

Internal energy, Btu/lbm 


Velocity, ft/sec 


10 





mere Patil yeh 
t ey | 


Specific volume, ft?/lbm 
Mass flow rate, lbm/sec 


Htrstance from primary nozzle exit to mixing 
Stack. In. 


Exams On factor 


Dimensionless Groupings 


Ax 


a/S 


ae 
x = * 
AA TT 


ws W* 


Secondary flow area to primary flow area 
ea G1 © 


ae dae 1C 

Pack ilon factor 

Flow coefficient 
MiemicrenenoyEcoOrrectlon factor 


MOMeh@imcorrection tractor at the mixing 
Stack exit 


Momentum correction factor at the primary 
MOmbemeX1t 


Mach number 
Pressure coefficient 
Lbeamemorackepressure coefficient 


Reynolds number 


Standoff; Ratio of distance from primary 
nozzles to entrance of mixing stack, (D) 
to primary dimension of mixing stack (S) 


Mmclitcusenmerdaumune Tatho Of the secondary 
flow to primary flow 


Meoolute temperature ratio of the tertiary 
flow to primary flow 


Secondary mass flow rate to primary mass 
flow rate ratio 


ed 





Fm tre iil 


. 7 I 


xk =x * - 
We WT 
L/S = 


o* z 


Tertiary mass flow rate to primary mass 
flow rate ratio 


Ratio of distance from entrance of mixing 
Siew tO diameter Ot mixing stack 


Induced flow density to primary flow density 


meeck Letter Symbols 


Lu - 
0 - 
mmescripts 

0 = 


Ik = 


Absolute viscosity, lbf-sec/ft? 


Bemsity . lbm/ft- 


section within secondary air plenum 
section at primary nozzle exit 
Section at mixing stack exit 

Film or wall cooling 

Mixed flow or mixing stack 

Orifice 

Primary 

secondary 

tertiary (Cooling) 

Uptake 


Mixing stack inside wall 


mempucer labulated Data and Illustrative Plots 


UPTMACH = 
EA-PS - 


ma - PT - 


Uptake Mach number 


Srattre pressure at mixing Stack entrance, 
One, 1 6 
2 


Setere pGessure: in Eereiany alr plenum, 
any 0 
2 


12 





PMS 
rOR 
DPOR 


PU-PA 


IP 


UP T 
mOR 
TAMB 


PT 


Mimameestack static pressure, in. H 0 
Z 
Seaelempmcssure at Orifice, in. H 0 
Z 


Pressure differential across orifice, in. 
Tele) 
2 


Static uptake pressure, in. H 0 
Average velocity in mixing stack, ft/sec 


Paindtvenmhow VetTOCcIty at primary nozzle exit, 
ft/sec 


Primary flow velocity in uptake, ft/sec 
Air temperature at orifice, °F 
Ambient air temperature, °F 


Temperature of air in uptake, °F 


13 





ieee RODUCTION 


With gas turbines becoming a more popular means of power- 
me etaval vessels, special considerations need to be given to 
Semmes particular air breathing and exhausting characteristics. 
With air-fuel ratios of four to five times that of conventional 
steam plants and the requirement for a relatively large amount 
of combustion air, a large quantity of hot exhaust gas is 
memenmated. Due to gas turbine design, these exhaust gases 
@are a temperatures significantly above those of conventionally 
Mewered Ships. A few of the problems caused by these high 
bemperatures are thermal damage to electronic equipment located 
on the masts of these ships, hot gas corrosion of masts and 
other superstructures located in the hot gas wake, and a sig- 
nificant infrared radiation signature created by the hot gas 
plume and hot external surfaces of the stack. 

This thesis is an extension of research done by Ellin 
(Ref. 1], Moss [Ref. 2], Lemke and Staehli [Ref. 7], and 
Shaw [Ref. 8] to determine better geometric designs for the 
exhaust plenum and mixing stack system of gas turbine powered 
naval ships. 

Ellin initiated the work by constructing an eductor model 
testing facility consisting of an uptake, primary flow nozzle, 
Meme stack, a means to control and measure the primary air 


flow, and a means to measure the secondary air flow; see 
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Meewees 1 and Z. The primary air flow in the testing facility 
represents a gas turbine's hot exhaust gas. The secondary air 
Peowe1s ambient air induced into the entrance of the mixing 
Stack by the primary air flow; see Figure 3. From Ellin's 
study of multiple nozzle flow systems consisting of several 
identical round nozzles, it was determined that four primary 
flow nozzles were preferable to either three or five, and 

that nozzle length has little or no effect on the eductor 
System's overall performance. Ellin then verified the inde- 
memerence Of the one-dimensional model correlation parameters 
Meearon flow rate or Mach number. He determined that for 

Mach numbers from 50% to 145% of the design Mach number of 
0.064, the correlation parameters suggested in the one-dimen- 
meemal analysis did in fact provide a good correlation of the 
data. 

Boers work followed, and it initially consisted of 
verifying the one-dimensional analysis as did Ellin. He then 
meted the effect of the stand-off distance (that distance 
between the exit plane of the primary flow nozzles and the 
Eaerance plane of the mixing stack). For the primary flow 
nozzles he tested, Moss determined that the optimum stand-off 
distance for maximum eductor pumping was a distance equal to 
0.5 diameters (0.5D_) of the mixing stack. An independent 
meestigation of this, conducted by Harrel [Ref. 5], confirmed 


Mees’ findings. Moss then investigated the effects of a 


Benical transition placed on the entrance to the mixing stack. 


is 





He concluded that a straight mixing stack without an entrance 
transition provided a better system performance. 

The study conducted by Lemke and Staehli [Ref. 7] inves- 
Meeaecad the effects on the eductor system's overall performance 
of varying the geometric configuration of the mixing stack 
and changing the area of the primary flow nozzles. Their 
work showed that a decrease in the ratio of the area of the 
mixing stack to primary flow nozzles from 3.0 to 2.5 decreased 
uptake back pressure but reduced the pumping coefficient of 
the eductor. Lemke and Staehli then investigated the effects 
@oeaesOlid diffusor, a two-ring and a three-ring diffuser. 
Mmemrestilts of these tests showed a decrease in uptake back 
pressure and a improvement in the eductor's pumping capacity. 
They then performed tests on a ported mixing stack. Their 
work determined that significant air flow through the ports 
could provide film cooling on the inside of the mixing stack. 
To enhance the film cooling provided by the ported mixing 
Stack, Lemke and Staehli placed a shroud around the mixing 
stack. This shroud did not degrade the pumping or mixing 
Saaracteristics; yet it provided thermal shielding of the 
mixing stack. Their final configuration was a combination of 
the ported mixing stack with flow through shroud and diffusor. 
Lemke and Staehli concluded that this geometric configuration, 
combined with a ratio of the area of the mixing stack to the 
meemary flow nozzles 3.0, provided the best system overall 


performance. 
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The work done by Shaw [Ref. 8] concentrated on a method 
Memether reduce the infrared signature of the mixing stack. 
Of particular concern was the concealment of the hot primary 
flow nozzles from an overhead view. Using the results of 
Lemke and Staehli, Shaw designed a rectangular mixing stack 
eemeanm internal symmetric plug, Figure 4. The internal plug, 
Pomemeshields the primary nozzles from direct view, is cooled 
Dy two means. The plug was ported, to provide film cooling 
meme the exhaust gas side of the device. Also, the plug was 
emeouded (on the non-exhaust gas side) to direct the flow of 
Beene air to the ports and provide a means of convectively 
Beene the downstream half of the plug, see Figure 5. Shaw 
fmemma that the rectangular mixing stack with plug increased 
Mmemsystem Dack pressure and reduced the pumping capacity. -of 
the eductor. He also determined that the design and place- 
meme Ot the plug improved mixing of the exhaust gases with 
mmemsecOondary cooling air and that the plug provided a 
potential means of presenting a cool surface to view. 

Based upon the conclusions and recommendations of Shaw, 
mmmwas decided that geometric changes in the eductor should 
be investigated in order to lessen the penalties involved with 
Plug installation. These changes will be described in detail 
memoection IV. 

Evaluation of eductor system performance was measured in 
meur areas: the amount of secondary air flow induced by the 


primary air flow, the degree of mixing of primary and induced 


Ue 





air flows within the mixing stack system, the amount of uptake 
maeempressure impressed upon the turbine exhaust by the eductor 
System, and the amount of wall cooling air available to reduce 
the exterior stack temperature of the eductor system. Addi- 
mremaliy, a qualitative indication of the flow patterns in the 
mixing stack was obtained through flow visualization. 

The key factor which allows cold flow testing to predict 
mm@emetrects of a hot gas eductor system is the similarity of 


the momentum and energy transfer mechanisms in turbulent flows. 
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fie DUCGTOR ANALYSIS 


This investigation, bertng an extension of the work of 
Shaw [Ref. 8], and others [Ref. 1, 2, and 7]; uses the same 
one-dimensional analysis to model the eductor system. This 
Ome-dimensional analysis is given in Appendix A. As a result 
Semis analysis, dimensionless parameters controlling the 
phenomena are obtained which are then used in the correlation 


of experimental data. Three such dimensionless groups used 


are: Dp -?p 
a Os 
p 
ps = a deeonessine CoOecrricient which 
7 a compares the pumped head oe ee 
Te to the driving head U? of the 
primary flow P 
ae 
W* = ve a flow rate ratio, secondary to 
p primary mass flow rate 
Te 
i; = an absolute temperature ratio, 
p secondary to primary 


sg) 





ore ee RI MENTAL, CORRELATION 


For the geometries and flow rates investigated, it was 
confirmed by Ellin and Moss that a satisfactory correlation 


of the variables P*, T*, and W* takes the form 


ARS = gweT*®) o) 


where the exponent n is determined to be equal to 0.44. The 
@etabts of the determination of 0.44 as the correlating ex- 
ponent for the geometric parameters of the models tested is 
given in Reference [1]. To obtain an eductor model's pumping 
mm@aracteristic curve, the experimental data is correlated and 
em@ealyzed using equation (1) that is P*/T* is plotted as a 
memetion of peng eae Mts correlation 1S used to predict 
the open to the environment operating point. Variations in 
the eductor model's geometry will change the appearance of 
the pumping ability between models. For ease of discussion, 


20.44 


W*T will henceforth be referred to as the pumping co- 


0.44 


Seercient. Similarly, WT*TT* will be referred to as the 


meme cooling or tertiary pumping coefficient. 
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IV. MODEL GEOMETRIES 


The multiple nozzle eductor systems studied here are de- 
Signed specifically for service onboard gas turbine powered 
Sampo. Ihe model consisted of a single primary uptake, a 
semere Cluster of four primary nozzles of constant cross 


Seetion, and a mixing stack. 


Set XING STACK WITH PORTED AND SHROUDED PLUG 

The eductor mixing stack as designed by Shaw with its 
tertiary air flow cooling ports and associated plug shroud- 
ing provided the base design for the initiation of this 
Study. Shaw's design utilized a symmetric plug to shield 
the hot primary exhaust nozzles from direct view. The ini- 
tial design by Shaw is illustrated in Figure 4. He then 
provided two means of cooling the surfaces of the plug that 
were exposed to direct view. The first method provides film 
cooling along both sides of the downstream half of the plug. 
fitemitilm cooling air is induced through three sets of ports 
focated as illustrated in Figure 5. The dimensional 
mmr 2uration of the ports is shown in Figure 6. The second 
means of cooling the plug provides an air flow to convectively 
cool the downstream half of the plug. This is accomplished 
With a shroud that directs a flow of air along the backside 


of the plug before it is pulled through the ports to be used 
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momeceiim cooling. This flow of air is called tertiary air 


meoweand 1S illustrated in Figure 5S. 


Peco MODIFICATION OF THE PLUG 

The symmetric design of the plug was modified by the 
addition of a cusp on the exhaust gas inlet side in order to 
Meevidge a more uniform and gradual direction of the gas flow 
about the plug and to physically separate the flow into two 
Symmetric parts. The cusp addition is picture in Figures 7 
and 9 and dimensionally illustrated in Figure 8. The cusp 
was manufactured from 0.102 cm (0.04 in) thick sheet aluminum. 
Bach side of the cusp was formed to a concave shape with a 
meer? cm (9.75 in) radius of curvature. Axial supports were 
soldered on the inside of the cusp to prevent warpage. The 
cusp was then glued over the inlet end of the plug. The 
feeeerot the cusp was aligned on the cross-sectional center- 
line of the mixing stack to maintain symmetry of the flow 
about each half of the mixing stack. The apex of the cusp 
extended upstream toward the entrance of mixing stack 7.11 
cm (2.8 in) along the axial centerline from the end of the 
plug. The lip formed where the edges of the cusp met the 
plug was filled in with putty to provide a smooth surface. 
The corners between the cusp and the sides of the mixing 


Stack were sealed with silicone epoxy to minimize leakage. 
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SeeemiXING STACK SIDE MODIFICATION 

The second geometric modification to Shaw's design changed 
m@memonape Of the curved sides of the mixing stack. In Shaw's 
Original design, at the position where the two air flows 
around the plug reconverged, the sides of the mixing stack 
Maaea 137 degree angle bend into the final exit duct portion 
(see Figure 5). This point was 48.59 cm (19.13 in) from the 
entrance of the stack. This sharp corner was removed from 
the stack by installing a curved side beginning at a point 
43.18 cm (17.0 in) from the stack entrance. The radius of 
curvature of the new piece was 43.18 cm (17 in). The new 
Sides were also made of .102 cm (.04 in) sheet aluminum. 
Edges formed where the new section was fitted into the 
mixing stack were filled in with putty to maintain a smooth 
surface. The mixing stack with the side modification is 
dimensionally shown in Figure 10. The picture in Figure 11 
highlights the area changed by the side modification and 


oop addition. 
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eee oe RnR MENTAL FACT LITY 


Air 1S supplied to the primary nozzles by means of a 
centrifugal compressor and associated ducting schematically 
Mmemiotrated in Figure 1. The mixing stack configuration 
being tested is placed inside an air plenum containing an 
airtight partition so that two separate air flows, secondary 
and tertiary, may be measured. The air plenum facilitates 
the accurate measurement of secondary and tertiary air flows 


by using ASME long radius flow nozzles. 


A. PRIMARY AIR SYSTEM 

fete circled numbers found in this section refer to lo- 
Seerons on Figure 1. The primary air ducting is constructed 
mmeo-gage steel with 0.635 cm (0.25 in) thick steel flanges. 
The ducting sections were assembled using 0.6355 cm (0.25 in) 
Memes with air drying silicone rubber seals between the 
flanges of adjacent sections. Entrance to the inlet ducting 
@ iPmanom the exterior of the building through a 91.44 cm 
Meader c) square to a 30.48 cm (1.0 ft) square reducer, each 
Side Of which has the curvature of a quarter ellipse. A 
transition section 2} then changes the 30.48 cm (1.0 ft) 
Square section to a 35.31 cm (13.90 in) diameter circular 
Bection Ss . This circular section runs approximately 


9.14 m (30 ft) to the centrefugal compressor inlet. 
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A standard ASME square edged orifice eg 1s located 15 
diameters downstream of the entrance reducer and 11 diameters 
upstream of the centrifugal compressor inlet, thus insuring 
stability of flow at both the orifice and compressor inlet. 
Eteazometer rings (5) are located one diameter upstream and 
one-half diameter downstream of the orifice. The duct sec- 
tion also contains a thermocouple just downstream of the 
Orifice. Primary flow is measured by means of the standard 
ASME square edged orifice designed to the specifications 
given in the ASME power test code [{Ref. 5]. The 17.55 cm 
(6.902 in) diameter orifice used was constructed out of 304 
Stainless steel 0.635 cm (0.25 in) thick. The inside dia- 
mmmememot the duct at the orifice is 35.31 cm (13.90 in) which 
yields a beta (8 = d/D) of 0.497. The orifice diameter was 
maosen tO give the best performance in regard to pressure 
drop and pressure loss across the orifice for the primary 
air flow rate used (1.71 Kg/sec (3.77 lbm/sec)). 

The centrifugal compressor 7/7 used to provide primary 
air to the system is a Spencer Turbo Compressor, catalogue 
m@emoer 25100-H, rated at 6000 cfm at 2.5 psi back pressure. 
The compressor is driven by a three phase, 440 volt, 100 
horsepower motor. 

A manually operated sliding plate variable orifice (6 
was designed to constrict the flow symmetrically and facili- 


tate fine control of the primary air flow. During operation, 


the butterfly valve (8) , located at the compressor's 


fees 





discharge, provided adequate regulation of primary air flow, 
eliminating the necessity of using the sliding plate valve. 

The sliding plate valve was positioned in the wide-open po- 

eeeron for all data runs. 

On the compressor discharge side, immediately downstream 
Sememe butterfly valve, is a round to square transition 9) 
fmomowed by a 90 degree elbow 10) and a straight section of 
meee. All ducting to this point is considered part of the 
fixed primary air supply system. A transition section 
is fitted to this last square section which reduces the duct 
Mmess SeCCtiOn to a circular section 29.72 cm (11.17 in) in 
diameter. This circular ducting tapers down to a diameter 
meer Cm (11.5 in) to provide the primary air inlet to 
the eductor system being tested. The transition is located 


far enough upstream of the model to insure that the flow 


reaching the model is fully developed. 


B. SECONDARY AIR PLENUM 

The secondary air plenum, pictured in Figure 1 and 2, is 
memset ructed of 1.905 cm (0.75 in) plywood and measures 1.22 
femmeerse m by 1.88 m (4 ft by 4 ft by 6.17 ft). It serves 
as an enclosure that can contain all or only part of the 
eductor model and still allow the exit plane of the mixing 
Stack to protrude. The purpose of the secondary air plenum 
is to serve as a boundary through which secondary air for 


the eductor system must flow. Long radius ASME flow nozzles, 
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meemmened in accordance with ASME power test codes [Ref. 5] 
and constructed of fiberglass, penetrate the secondary air 
plenum, thereby providing the sole means for metering the 
secondary air reaching the eductor. Appendix D of Reference 
[1] outlines the design and construction of the secondary 
air flow nozzles. By measuring the temperature of the air 
entering and the pressure differential across the ASME flow 
nozzles, the mass flow rate of secondary air can be deter- 
mined. Flexibility is provided in measurement of the mass 
meowerate Of secondary air by employing flow nozzles with 
three different throat diameters: 20.32 cm (8 in), 10.16 cm 
mean), and $5.08 cm (2 in). By using a combination of flow 
Mezzles, a wide variety of secondary cross sectional areas 
can be obtained. 

A secondary air flow straightener, shown in Figures 1 and 
Peeconsisting of a double screen is installed 1.22 m (4 ft) 
mmom the open end of the secondary air plenum, between the 
ASME long radius nozzles and the primary air flow nozzles. 
The purpose of the straightener is to reduce any swirl effect 
that could result when only a small secondary air flow area 


Peists. 


Meee TERTIARY AIR PLENUM 
Micmtcrtdary air plenum, pictured in Figures 12 and 13, 
mepconstructed of 1.90 cm (0.75 in) plywood and measure 1.22 


foe l.22 m by 1.22 m (4£t by 4 ft by 4 ft). It serves as 


ee 





an enclosure that completely surrounds the mixing stack and 
mmpows the exit and entrance regions to protrude. An air- 
meeme rubber diaphragm type seal, schematically illustrated 
fmeetoure 2 and pictured in Figures 14 and 15, is located 

at each end of the enclosure. This allows measurement of a 
tertiary air flow independent of the secondary air flow. 
Tertiary air flow is measured with the use of long radius 
ASME flow nozzles designed in accordance with ASME test codes 
[Ref. 5] and constructed of fiberglass. These nozzles are 
located so that they penetrate the airtight tertiary air 
plenum, thereby providing the sole means for metering the 
Mmumeerary air reaching the eductor. By measuring the tempera- 
ture of the air entering and the pressure differential across 
the ASME flow nozzles, the mass flow rate of tertiary air 
memecasily be obtained. Flexibility in measuring the ter- 
tiary flow is provided by employing different size flow 
Memeemes: two of 20.32 cm (8 in) throat diameter, three of 
mieromcm (4 in) throat diameter, and two of 5.08 cm (2 in) 
@anoat diamter. By using various combinations of these flow 
nozzles, a wide variety of tertiary cross section flow areas 
can be obtained. 

Mie interior of the tertiary air plenum is pictured in 
Figure 13. The stand which holds the mixing stack can be 
seen mounted inside the plenum. Figure 15 shows the diaphragm 
air seal at the exit plane of the mixing stack. As can be 


seen, removalble sections were located in the exit plane 
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door to allow for adjustments to the mixing stack and instru- 


mentation without removing the diaphragms. 


D. ALIGNMENT 

ivesalignment of the mixing stack with the primary air 
flow nozzles was accomplished using a level, a 30.78 C20 
meeerale graduated in 0.25 mm (0.01 in) and 45.72 x 30.48 cm 
(18.0 x 12.0 in) square. The graduated rule and square were 
to establish the stand-off distance (D/S) and to center the 
primary flow nozzles within the entrance area of the mixing 
Stack. The geometric alignment was checked for accuracy 
using pressure readings at symmetric points on the model. 
Additional verification was obtained by subsequent symmetric 
exit velocity profiles measurements. The three axis mounting 
Stand, pictured in Figure 16 allowed alignment adjustments 


to be performed easily. 


meee LNSTRUMENTATION 

Pressure taps for measuring gage pressures are located 
merde the primary air uptakes just prior to the primary 
nozzles, inside the secondary air plenum, inside the ter- 
tiary air plenum, and at various points on the model. A 
Mapniety Of manometers, pictured in Figure 17, were used to 
indicate the pressure differentials. A schematic represen- 
tation of the pressure measuring instrumentaion is illustrated 
in Figures 18 and 19. Monitoring of each of the various 


pressures was facilitated by the use of a scanivalve and a 
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multiple valve manifold. The scanivalve was used to select 
the pressure tap to be read, while the multiple valve mani- 
fold allowed selection of the optimum manometer for the 
M@eastre being recorded. A vent was included in the multiple 
valve manifold which provided a means of venting the mano- 
meters between pressure readings. When taking readings of 
miempnressure distribution in the mixing stack, it was 
necessary to manually change the tubing from oneend of the 
iamemeter to the other in order to get the negative pressure 
readings. The valve manifold provided a selection of a 
15.24 cm (6.0 in) inclined water manometer, a 5.08 cm (2.0 
in) inclined water manometer, and a 1.27 cm (0.5 in) inclined 
Smeemanometer (specific gravity 0.827). In addition, the 
following dedicated manometers were used in the system: a 
S0eo0 cm (20 in) single column water manometer connected to 
@ieeprimary air flow just prior to the primary nozzles, a 
1.27 cm (50 in) U-tube water manometer with each leg connec- 
MeaewctO a piezometric ring on either side of the orifice 
meee in the air inlet duct, and a 2.54 cm (1.0 in) inclined 
water manometer connected to the upstream piezometric ring. 
Primary air temperatures, measured at the orifice outlet 
and just prior to the primary nozzles, are measured with 
copper-constantan thermocouples. The thermocouples are in 
assemblies manufactured by Honeywell under the trade name 
Megapak. Polyvinyl covered 20 gage copper-constantan 


extension wire is used to connect the thermocouples to a 
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Newport Digital Pyrometer, model number 267, which provides 
a digital display of the measured temperature in degrees 
Fahrenheit. The Newport Digital Pyrometer failed in use and 
was replaced by an Omega Digital Thermometer, Model Number 
2176A. Secondary/tertiary ambient air temperature is mea- 
sured with a mercury-glass thermometer and recorded in 
degrees Fahrenheit. 

Melocity profiles at the mixing stack exit plane are 
obtained by using a pitot tube, pictured in Figure 20. The 
tube is affixed to a mounting template which allows accurate 
determination of the major axis, minor axis , minor and 
diagonal positions and distances. Alignment pins allow 
changes in velocity traverse directions to be made fast and 
accurately. The pitot tube is used in conjunction with the 
15.24 cm (6 in) inclined water manometer for obtaining the 
memocity pressure head. 

An additional objective of this research was to assemble 
an automated data acquisition system. The data which was 
used in this thesis was taken "manually", i.e., pressure 
and temperature values visually acquired from manometer and 
M@ienrmometer. Each piece of data was then inputed into a 
Bemputer for reduction. Although equipment limitation pre- 
memted full automation, "semi-automatic" data acquisition 


now exists and is described in Appendix B. 


Sil 





Votes arCeR IMENTAL, METHOD 


Evaluation of the eductor model requires the experimental 
Setermination of pressure differentials across the ASME long 
macmis tlow nozzles, temperature of primary and induced air 
mows, internal mixing stack pressures, and mixing stack exit 
velocities. These experimentally determined quantities are 
Maem reauced to obtain pumping coefficients, induced air 
feewerates, pressure distributions within the mixing stack, 
Smommaxing stack exit velocity profiles. In addition an 
indication of flow behavior in the stack was accomplished by 
Mmeewevisualization. The performance characteristics of the 
memecor model are then evaluated to determine the model's 
memacive eifectiveness. 

ime ctollowing discussion addresses the individual perfor- 
mance characteristics of the eductor model and how they were 


determined. 


Pee UMPING COEFFICIENTS 

The secondary pumping coefficient and the tertiary pump- 
ing coefficient provide the basis for analysis of the eductor 
model's pumping performance. Thus, changes in eductor model 
parameters which affect pumping can be noted by a change in 
pumping coefficient. The pumping coefficient(s) is desired 
at the operating point corresponding to that of the ship- 


Meera prototype. At this point there is no restriction of 


52 





the secondary (or tertiary) air flow. In the model, this is 
Simulated by completely opening the air plenum(s) to the 
mmemmonment. However, at this condition, the secondary (or 
tertiary) air flow rate cannot be measured. Therefore, the 
eductor's characteristics are determined, plotted, and then 
extrapolated to find the operating point, see Figure 21. 

The pumping characteristics of the eductor model are 
established by varying the associated induced air flow rate, 
Gither secondary or tertiary, from zero to its maximum 
measurable rate. This rate is determined by sequentially 
opening the ASME flow nozzles mounted in the appropriate 
plenum and recording the pressure drop accross the nozzles. 
fabues for nozzle cross sectional area, pressure drop, and 
induced air temperature are then used to calculate the 
dimensionless parameters P*/T* and weTt On PT Sais and 
WT*TT*® as described in Appendix A. The dimensionless 
Mearameters are then plotted as illustrated in Figure 2l. 
Extrapolation of the pumping characteristics curve to inter- 
sect with the zero pressure/temperature coefficient abscissa 
locates the appropriate operating point coefficient of the 


model. 


Eee INDUCED AIR FLOWS 
Two induced air flows are identified in this study: se- 


condary and tertiary. 





Mire Secondary air flow is the amount of air induced by 
B@eeprimary nozzles which mixed with the primary air flow 
to reduce the exhaust gas temperature. 

The tertiary air flow indicates the amount of air induced 
Seeeene Stack pressure distribution to provide cooling air 
meeoueh the ports in the stack plug. In addition to the 
meenod OL metering tertiary air flow as described in Section 
memeeene effect on the tertiary pumping coefficient by vary- 
gang the number of rows of cooling ports open, see Figure 6, 


was investigated. 


fee RE OOURE DISTRIBUTIONS 

The mixing stack axial static pressure was obtained using 
a series of pressure taps fixed to the mixing stack. These 
taps were placed in two axial rows, the rows being along the 
centerline of the flow. Along each row the taps were axially 
merteed in increments of one quarter primary dimension. The 
mete location of the pressure taps is indicated on Figure 
Zeand 4. The non-dimensional stack pressure, PMS*, (see 
Appendix A) is plotted versus X/S to obtain a mixing stack 


Pressure distribution, see Figures Z6a through 261. 


Seeeecxil VELOCITY PROFILES 

Paoeity profiles at the mixing stack exit were calcula- 
ted from the pressures measured using the pitot tube pictured 
an Figure 20. Since it was impractical to obtain a complete 


three-dimensional plot of velocities at the exit plane of 
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the mixing stack, advantage was taken of the symmetry of 

the velocity surface resulting from the arrangement of the 
primary nozzles. Only three traverses were made. The first 
traverse passes vertically along the centerline down the 
mixing stack exit, the second traverse passes horizontally 
across the mixing stack. This traverse, along the center- 
mimes passes across the top of the plug. The third traverse 
passes diagonally through the intersection of the centerlines. 
Peoure 22 illustrates the orientation and identification of 
the three velocity traverses, while Figures 27a through i, 


show plots of the velocity traverses. 


Eee LOW VISUALIZATION 

Based upon Shaw's results it was felt necessary to 
Seedim ad Visual indication of the flow patterns in the mixing 
Stack. Visualization of flow was accomplished by using 
string or yarn placed in the flow stream. Two procedures 
were used. The first utilized a string the length of the 
Micineg stack. With this string the shape of the air stream 
flow throughout the entire mixing stack could be seen. The 
second procedure involved the insertion of a probe with a 
Small string attached to the end of it into the mixing stack. 
With this procedure it was very easy to investigate specific 
Meeadtion Within the stack for flow action, particularly for 
Medisition regions from positive to negative pressure. In 


order to record the flow visualizations it was necessary to 
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JP eeeeuoohoN OF EXPERIMENTAL RESULTS 


Exhaust eductor systems designed for marine gas turbine 
applications must substantially cool exhaust gases, present 
an exterior stack surface temperature which will not give 
an easily detectable infrared signature, and effectively dis- 
burse exhaust gases. In order to quantitively evaluate the 
Overall eductor model performance, four areas of performance 
were identified: the amount of secondary air flow induced 
Byethe primary air flow, referred to here as pumping; the 
degree of mixing of primary and induced air flow within the 
mixing stack system, referred to here as mixing; the amount 
of uptake back pressure impressed upon the turbine exhaust 
by the eductor system; and the amount of cooling air available 
to reduce the exterior stack temperature of the eductor 
System. A qualitative means of assessing flow patterns in 
the mixing stack was accomplished by flow visualization 
with string placed in the gas flow regions. 

The eductor model and its modified configurations in 
this study were designed to shield the primary flow nozzles 
from an overhead view and to provide cooling to those sur- 
faces which are visible from above. 

The initial tests performed were for flow visualization. 
The tests showed the following condition within the mixing 


Meek, First there appeared to be large scale turbulence 





Meemin the stack. This was demonstrated by the wide range 
@eeetravel of a string running the length of the stack. 
Secondly, there was evidence of some sort of reverse flow, 
meobably a vortex formation on the downstream sides of the 
eae Finally, there was a demonstration of flow oscillatory 
Mmeerdction at the outlet end of the plug. The range of 
motions of the strings in the flow is shown in Figure 23. 

Further model testing was conducted using an eductor 
mea@el with the addition of a cusp on the inlet end of the 
Symmetric plug. The tests were conducted with a primary 
meewemozzZle area to mixing stack area ratio of 3.0, a mixing 
Seaexk length L/S of 3.0 and a standoff distance D/S of 0.5. 
fmese ratios of mixing stack length, standoff distance and 
memary nozzle to mixing stack area were used as a result 
of the previous study by Shaw [Ref. 8]. The reults of this 
meee set Of eductor system tests are shown in Tables [ 
morough XIII. 

These tests showed the following results. First, the 
uptake back pressure, over the variation in secondarv and 
tertiary flows tested, showed a reduction of up to .5 inches 
SeetioJ. However, at the operating point of the eductor 
peetem (secondary and tertiary areas wide open) the back 
pressure was the same as Shaw's 9.85 inches of H20. This 
uptake back pressure may be too high and would impact on 
the turbine efficiency. Secondly, the eductor model pumping 


coefficient was improved by approximately sixteen percent 
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over that of Shaw. Figure 24a demonstrates that with Shaw's 
meoren the pumping coefficient at theoperating point would 
Bemress than 0.353. With the addition of the cusp alone, the 
pumping coefficient is increased above 0.35. Finally, the 
memevemty profiles in all three direction; vertical, horizon- 
tal, and diagonal showed little change from Shaw's data. 
On the average these profiles were relatively flat. These 
fmegemty traverses are depicted in Figures 17a through 271. 
The next mixing stack modification was the replacement 
Seeaesnarp corner in the sides with a curved section that 
smoothly transitioned from the ducting over the plug to the 
Seemiecucting. The results of the tests performed after this 
modification are tabulated in Tables XIII through XVIII. 
Initial comparisons of data were with the back pressures 
obtained. Over the ranges of secondary and tertiary flow 
combinations the back pressures increased over those values 
maeeonraed for the cusp only addition. However, at the wide 
open operating point the back pressure was the same as that 
feeeme the cusp only and with Shaw's data, 9.85 inches of H20. 
Meee the addition of the side modification the pumping co- 
efficient, over the range of flows used, was reduced from 
those values obtained without the side modification (see 
lmeure 24c). The pumping coefficients at the operating 
DOInt without and with the side modification were essentially 
mm@eesame. Finally, the velocity profiles in all three 


merections showed more variation with the side modification 





than previously. However, in the aggragate these profiles 
were still relatively flat. These traverses are in Figures 
me, h and 1. 

The following observations were made in comparing the 
cooling (tertiary) pumping coefficients (WT*TT® +), Con- 
comitant with an increase or decrease in secondary pumping 
B@earricient was an inverse action with the tertiary pumping 
coefficient. The addition of the cusp decreased the tertiary 
pumping coefficient from .060, the value obtained by Shaw, 
by approximately 33% to .040 (see Figure 25c). Over the 
ranges of flow combinations tested the addition of the side 
modification improved the tertiary pumping coefficient. At 
the operating point the values of the tertiary pumping co- 
Seetcients for with and without the side modification 
essentailly converged. These results are displayed in Fi- 
fures 25a through 25g. 

It was further noted that decreasing the number of 
mertiary ports open had the effect of increasing the 
Secondary pumping coefficient and consequently decreasing 
mfeetertlary pumping coefficient. 

The final indicator looked at was the pressure 
Meseripution in the mixing stack. The data obtained was 
essentially unchanged from that of Shaw's. Positive pressures 
occurred along the exterior curved surface of the mixing 
stack. As with Shaw, a large negative pressure (PMS*) = 


meu. 50, occurs at the junction of the curved surface and 
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the rectangular mixing stack exit plane. It was noted that 
with the addition of the cusp only, this large negative 
Mmecsure (PM5*) increased to a value of -0.35 (Figure 26a). 
feeeene further modification of the curved side the large 
Memative pressure Was significantly reduced to -.15, a value 
much less than Shaw's (Figure 261). No significant pressures 


were noted along the flat surface of the mixing stack. 


eS 
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Vile “CONCLUSIONS 


This investigation studied the effects on the eductor 
system's overall performance of a mixing stack geometry 
which has a rectangular cross-section and employs a plug 
placed over the primary flow nozzles. The plug was modified 
with the addition of a cusp on the inlet end. The sides of 
the mixing stack was further modified to remove a sharp 
Borner. 

The conclusions resulting from this investigation are 
given here. 

1. The addition of the cusp on the plug increased the 
secondary pumping coefficient and increased a ne- 
gative pressure at a point within the mixing stack. 

2. The addition of the cusp reduced the tertiary cool- 
Miempumpime COetiicient. 

3. The modification of the sides of the mixing stack 
reduced the negative pressure at the specific point 
within the mixing stack. 

4. The modification to the curved side of the mixing 
stack did not improve the performance of the eductor 


system and should be removed. 





Vee COMMENDATIONS OR FURTHER STUDY 


This study showed the effects on a specific eductor 
Meeem With several geometric configurations. This research 
adds some information to the overall data base upon which 
further research can be conducted. Recommendations for 
further investigation of this eductor system are presented 
here. 

fee Further explore the flow patterns within the stack 

Hsing tutting or some other flow visualization 


process. 


tO 


Test the eductor model with the following modifica- 
tions: remove the side modification, add an exterior 
shroud to the mixing stack and add a diffusor con- 


figuration to the exit plane of the mixing stack. 
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CUSP ILLUSTRATION 


FIGURE 7. 
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FIGURE 11. 


MIXING STACK WITH CUSP AND SIDE MODIFICATION 
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FIGURE 13. TERTIARY AIR PLENUM INTERIOR 
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MIXING STACK ENTRANCE WITH AIR SEAL 


FIGURE 14. 
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MIXING STACK EXIT WITH AIR SEAL 


FIGURE 15. 








FIGURE 16. MIXING STACK MOUNTING STAND 
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MIXING STACK WITH PORTED AND SHROUDED PLUG 


meGURE 17, 
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APPENDIX: A 
ONE-DIMENSIONAL ANALYSIS OF A SIMPLE ENDUCTOR 


This investigation, being an extension of the work of 
Shaw [Ref. 8], and others Ref. 1, 2 and 7] uses the same 
one-dimensional analysis of a simple eductor system. Simi- 
larity between the basic geometry tested by previous resear- 
chers was maintained in order to correlate data. The demen- 
Sionless parameters controlling the flow phenomena used 
previously were also used in this investigation along with 
the basic means of data analysis and presentation. Dynamic 
Similarity was maintained by using Mach number similarity 
to establish the model's primary flow rate. 

Although the analysis presented here is for an eductor 
model with only primary and secondary air flows, it should 
be kept in mind that many of the results presented are for 
Systems with primary, secondary, and tertiary air flows. 
Syeoeems With tertiary and film or wall cooling air flows 
have been non-dimensionalized with the same base parameters 
as the secondary air flow and have been calculated using 
the same one-dimensional analysis. This allows for easy 
comparison of the results. Parameters pertaining to the 
secondary systems are subscripted with an "s", those 


memating to the tertiary box are subscripted with a "'t". 
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Pee Oo WELING TECHNIQUE 

Dynamic similarity between the models tested and the 
actual prototype was maintained by using the same primary 
air flow Mach number. For the primary air flow Mach number 
used (0.064), and based on the average flow properties within 
the mixing stack and the hydraulic diameter of the mixing 
mere, the air flow through the eductor system is turbulent 
(Re>10°). As a consequence of this, momentum exchange is 
predominant over shear interaction, and the kinetic and 
Mieem@al energy terms are more influential on the flow than 
are viscous forces. It can also be shown that the Mach 
number represents the ratio of kinetic energy of a flow to 
its internal energy and is, therefore, a more significant 
Memeameter than the Reynolds number in describing the primary 


miewecirough the uptakes. 


B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR 

The theoretical analysis of an eductor may be approached 
in two ways. One method attempts to analyze the details of 
the mixing process of the primary and secondary air streams 
as it takes place inside the mixing stack. This requires an 
interpretation of the mixing phenomenon which, when applied 
Homaemultiple nozzle system, becomes extremely complex. The 
other method, which was chosen here, analyzes the overall 
performance of the eductor system and is not concerned with 


the actual mixing process. The one-dimensional analysis 
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based on a single primary nozzle exhausting into a mixing 


stack, as shown in Figure A-1. To avoid repetition with 


Previous reports, only the main parameters and assumption 


Wiil De represented here. A complete derivation of analysis 


used can be found in References [1] and [4]. The one-dimen- 


Sional flow analysis of the simple eductor system described 


depends on the simultaneous solution of the continuity, 


momentum and energy equations coupled with the equation of 


state, all compatible with specific boundary conditions. 


The idealizations made for simplifying the analysis are 


deetol lows: 


ile. 
ie 


The flow is steady state and incompressible. 
Adiabatic flow exists throughout the eductor with 
isentropic flow of the secondary stream from the 
plenum (at Section 0) to thesthroat or entrance of 
the mixing stack (at section 1) and irreversible 
adiabatic mixing of the primary and secondary streams 
occurs in the mixing stack (between sections 1 and 2). 
The static pressure across the flow at the entrance 
and exit planes of the mixing-tube (at sections 1 
ances 1S UnlLiLorm. 

At the mixing-stack entrance (section 1) the primary 
flow velocity and temperature Le are uniform 
across the primary stream, and the secondary flow 


Velocity U. and temperature a are uniform across 
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The 
be used 


A 


EP 


A 
m 


the secondary stream, but ae does not equal UL; and 
“s does not equal T.. 

Incomplete mixing of the primary and secondary streams 
Peeene Mime stacker udeceounted for by the use of a 
non-dimensional momentum correction factor KT which 
relates the actual momentum rate to the pseudo-rate 
based on the bulk-average velocity and density and 

by the use of a non-dimensional kinetic energy 
Semnecc1om L£acrer K which relates the actual kinetic 
energy rate to the pseudo-rate based on the bulk- 
average velocity and density. 

Both gas flows behave as perfect gases. 

Flow potential energy position changes are negligible. 
Pressure changes Pio to Poy and PS to oe are small 
relative to the static pressure so that the gas 
density is essentially dependent upon temperature 
(and atmospheric pressure). 

Wall friction in the mixing stack is accounted for 
with the convectional pipe friction factor term 
based on the bulk-average flow velocity U_, and the 
mixing stack wall area ee 

following parameter, defined here for clarity, wiil 
in the following development. 


area ratio of primary flow area to mixing 
stack cross sectional area 
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W , : : pice 
a arecdeadtto OL Wall tractlon area tO mixing 
m stack cross sectional area 
k momentum correction factor for primary mix- 
p : 
ing 
Ka momentum correction factor for mixed flow 
F Wal lV Erichion tactor 


Base on the continuity equation, the conservation of 


Mesoeprinciple for steady flow yields 


ke = Ww soa ene (1) 


where 

W =o0 UA 

p Pp p Pp 
Ww =0 UA 

Ss s s Ss 

S (la) 

W. p UA, 
ree - p UA 

m mmm 


All of the above velocity and density terms, with the 
exception of a and Uw are defined without ambiguity by 
the virtue of idealizations (3) and (4) above. Combining 
equations (1) and (la) above, the bulk average velocity at 
the exit plane of the mixing stack becomes 

We Nae WY 


cee Lb 
P 9 A (1b) 


where Ao is fixed by the geometric configuration and 


12) 


es 
CRT. oe 
m 


where a is calculated as the bulk average temperature from 


the energy equation (9) below. The momentum equation stems 
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mmemeNewton's second and third laws of motion and is the 


conventional force and momentum-rate balance in fluid mechanics. 








WU WU WU, WU 
me) + (55) + eee (eye pA 
Ee & So & eet m8. 2 
iz 
7 a (3) 
Hemermtne introduction of idealizations (3) and (5). To 


account for a possible non-uniform velocity profiles across 
the primary nozzle exit, the momentum correction factor Ss 
1s introduced here. It is defined in a manner similar to 
that of i‘. and by idealization (4), supported by work con- 
ducted by Moss, it is set equal to unity. = 1s carried 
through this analysis only to illustrate its effect on the 
ime result. The momentum correction factor for the 


feeermes Stack exit 1s defined by the relation 


1 rer 
> 5 | UL, © dA (4) 
m Mm 0 
where Or 1s evaluated as the bulk-average velocity from 


Sa@m@acron (1b). The wall skin friction force a can be 


related to the flow stream velocity by 


2 
p 
E m om 
per * AVStg (5) 
using idealization (9). As a reasonably good approximation 


more turbulent flow, the friction factor may be calculated 


from the Reynolds number 
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f = 0.046(Re) (6) 


Applying the conservation of energy principle to the steady 
flow system in the mixing stack between the entrance and 


Seert planes, 








Wee U ? a2 
eeaD S t 
ie + ie ) + WoCh, + ae ) + ech + ie -) 
E Cc C 
U Z 
pe m 
ze Wh, + Ket Cn 


Mermmecting potential energy of position changes (idealization 
7). Note the introduction of the kinetic energy correction 


ae cOTr Ko» which is defined by the relation 


Mes | [(  y %p aa (8) 
e w_U_ 2 22 
m m 0 
It may be demonstrated that for the purpose of evaluat- 
ing the mixed mean flow temperature a the kinetic energy 


terms may be neglected to yield 


a W W t 
Oy * . ip fs ee (9) 
m m m 
where i = ¢(h) CMmilyvewwien the tdealazation (6). 
The energy equation for the isentropic flow of the 
Secondary air from the plenum to the entrance of the mixing 


Stack may be shown to reduce to 


oe «6G 2 
O S S 


a ls 10 
o 7. pore 


5 
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Similarly, the energy equation for the tertiary air flow 


reduces to 


The forgoing equations may be combined to yield the 
faammeoroduced by the eductor action in either the secondary 
Serer tiary air plenums. For the secondary air plenum, the 
vacuum produced is 

1 Ww? w_? A w A 


1 m 
a = ——(K eg ly) (K_ + = -4)) 
_ a Bohn P An en As? s S m* m m 








(11) 
where it is understood that 2 and a apply to the secondary 
flow at this same section, and A, and eS apply to the mixed 
flow at the exit of the mixing stack system. Pe is atmos- 
pheric pressure, and is equal to the pressure at the exit 
Smmere Mixing stack. ae is the area of the inside wall of 
the mixing stack. 


For the tertiary air plenum, the vacuum produced is 


Cie) - 1 Am 
a * xo 2 RD 
Ww? A 
Sei. £ ow 
sf ee ne) 
m m m 


where the primary flow now consists of both the primary 


and secondary air flows. 
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meeeeON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION 


In order to provide the criteria of similarity of flows 


with geometric similarity, the non-dimensional parameters 


which givern the flow must be determined. The means chosen 


for determining these parameters is to normalize equations 


(11) and (lla) with the following dimensionless groupings. 


ae 


ar * 


Ww 


WT * 


T* 


i * 





a pressure coefficient which compares 


the pumped head ee for the secon- 
dary flow to the driving head UD of 
e 


2g 
the primary flow 


a pressure coefficient which compares 
the pumped head lee for the ter- 


puny Et loweto the driving head U_* 
ee 


cg 
of the primary flow : 


a flow rate ratio, secondary to 
primary mass flow rate 


a flow rate ratio, tertiary to 
primary mass flow rate 


an absolute temperature ratio, secon- 
dae GOm pr 1a Fy. 


an absolute temperature ratio, 
Pel itary tO plilMary 


a flow density ratio of the secondary 
to primary flows. (note that since 
the fluids are considered perfect 
gases, 
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ct & 


* 
At 


—— a tilow density ratio of the tertiary 

p Tmeriaim cooling flow to primary flows. 
(Note that since the fluids are con- 
Sidered perfect gases, 


o 


1 
o* = ~£ = =F) 
t i Be 
Bs 
ay an area ratio of secondary flow area 
Dp to primary flow area 
AY 
a an area ratio of tertiary flow area 
p to primary flow area 


With these non-dimensional groupings, equations (11) and 


(lla) can be rewritten in dimensionless form. Since both 


equations follow the same format, only the results for the 


secondary air plenum will be presented here. 





Ap* *p “ *o 
ae K_ - 8) - W*(K_ + T*) -2 8 
TE xt pw ) (kK, ) x 
2 1 m A 
* eticeee lt 1 Sete eee one ce By Gee 
+ Wea S, > gaxa) * K 
Dp mm 
where 


This may be rewritten as 


Te = CC, + C,W*(T io i) + CaN i- i: 
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(12) 


(13) 





where 


“p 
ae oa 

m 
Co =- 
aes 25 ( 

m 





As can be ssen from equation (13), 


AP* = F(W*, T*)., 


The additional dimensionless quantitites listed below 


Wemenwused to correlate the static pressure distribution down 


@@emereneth of the mixing stack. 


PMS 
Eiio* = 


apse 


a pressure coefficient which compares 
the pumping head PMS for the secondary 


O 
: S - 9 
mow COmPiemanrivine, head Uy One eile 
Be 
primary flow, where PMS = static 


pressure along the mixing stack length 


ea) 





WAISAS YOLINGA FIZZON AISNIS AIdWIS “I-V 3YNIIS 





il 





AepeNOE xX:  B 
FORMULA 


Presented here are the fomulas used to obain the primary 
and secondary mass flow rates. According to the ASME Power 
Test Code (5), the general equation for mass flow rate appear- 
ing in equation (a) 

piem/sec} = (0.12705) KAY F, (0 peo (a) 
may be used with flow nozzles and square edge orifices 
provided the flow is subsonic. In the above equation, K 
(dimensionless) represents the flow coefficient for the 
metering device and is defined as K = C(l ee where C 
Mmemene coefficient of discharge and 8 is the ratio of throat 
memumbet diameters; A({in*) is the total cross sectional area 
of the metering device; Y (dimensionless) is the expansion 
Bieeor for the flow; . (dimensionless) is the area thermal 
Seamsion factor; © (lbm/ft’) is the flow mass density; and 
AP (inches H20) is the differential pressure across the 
Memenmine device. Each of these quantitites are evaluated, 
according to the guidelines set forth in Reference [5], for 
the specific type of flow measuring device used. 

Using a square edge orifice for measurement of the pri- 
mary mass flow rate, the quantities in equation (a) are 


defined as follows: 


£52 





ice howmeccrnmerenees 15 0.62 based on a 8 of 0.502 
and a constant coefficient of discharge over the 
fange of Llows considered of 0.60. 

iiitemorittecesares, 15 37.4145 in“. 

Corresponding to the range of pressure ratios en- 
countered across the orifice, the expansion factor 
Mews 0298. 

Since the temperature of the metered air 1S nearly 
ambient temperature, thermal expansion factor is 
essentially 1.0. 

The primary air mass density ee 1s calculated using 
the perfect gas relationship with pressure and tem- 


perature evaluated upstream of the orifice. 


Substituting these values into equation (a) yields 


W 
p 


(lbm/sec) = (2.8882) (0 AP eae (b) 


OF 


The secondary mass flow rate is measured using long 


radius flow nozzles for which case the quantities in equation 


(a) becomes: 


1 


For a flow nozzle installed in a plenum, 8 1S approxi- 
mately zero in which case the flow coefficient is 
approximately equal to the coefficient of discharge. 
For the range of secondary flows encountered, the 

flow coefficient becomes 0.98. 

Peisethessum Of the throat areas of the flow nozzles 


in use. 





weeoinee the pressure ratios across the flow nozzles 
DGcmven seeloccmuomumiiy, the expansion coefficient Y 
eS eye 
4; since the temperature of the metered air is nearly 
ambient temperature, the thermal expansion factor is 
essentially 1.0. 
5. The secondary air mass density oe Poe ita PeCmtS 111? 
the perfect gas relationship at ambient conditions. 
substituting these values into equation (a) yields the 
equation for the secondary mass flow rate measured using 
long radius flow nozzles. 


We (lbm/sec) = (0.13451) A (0 AP.) GG) 
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Aime noixs « C 


DATA ACQUISITION AUTOMATION 


The method used in taking data with this and previous 
theses has been completely manual. Although the procedure 
has been adequate, it has been combersome. An ancillary 
objective of this thesis has been to assemble a system to 
automatically collect, reduce ans store the data required. 

The system developed utilizes the following equipment: 

1) Hewlett Packard Model 85 Computer 


2) Hewlett Packard Model 82901M Flexible Disc 
Drive 


3) Hewlett Packard Model 7225-A Plotter 


4) Hewlett Packard Model 3497A Data Acquisition/ 
Gontnol Unit. 


These equipments were connected via a Hewlett Packard Model 
82937A Interface Bus. Additionally, the HP-85 had installed 
the Mass Storages, Plotter/Printer, and Matrix ROMS (Read 
Only Memories). Figures G-I and C-II show a system schematic 
and the actual equipment used. 

Pressure reading were taken with poly-flo tubing from 
the scanivalve via a manifold arrangement to Validyne Model 
DP 103 pressure transducers. Two transducers are utilized, 
one with a pressure range of 0 to 5.5 inches of H20 (0-0.2 


psi), the other with a pressure range of 0 to 35 inches of 


SS 








fe -1.2 psi). The DC electrical signal from the trans- 
mm@eere 1S amplified through a Validyne CDI0 Carrier Demodula- 
tor. The carrier demodulator also provides controls for 
meee the zero point of the transducer and varying the 
Span of the voltage output from the unit. The DC output 
from the demodulator is measured by the voltmeter within the 
meee 7A data acquisition unit. The 3497A transmits the 
voltage value to the HP-85 where a subroutine of the acqui- 
Sitton program converts the voltage to a pressure value. 

iemperature readings are taken in a similar manner. The 
thermocouple voltages are read directly bu the 3497A data 
meio ttion unit. <A different subroutine within the data 
Memesitlon program converts the voltage reading to 
memeerature values. 

The conversion formula for temperature was derived from 
Mmeeetemce tables for type T copper-constantan thermocouples. 
Memeeaves trom the reference table at ten degree increments 
mmemmeo to 120 degrees Fahrenheit were input into a program 
feemeche HP-85 Math Pac. This program provided the 
Meee dei1ents tor a degree Chebyshev polynomial. The following 
formula results: 

me- .0008773(V)° - 1.289098(V)* + 46.58608(V) + 32.00443 
where T is degrees Fahrenheit and V is millivolts. 

Zietccueiee CNeEMOcOlUple, Calibration of the transducers 
must be accomplished everytime the equipment is energized. 


This is because the location of the zero point is not always 
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@emeeant. Calibration o£ the transducers required use of 

the building air supply. The compressor in the building is 

a Worthington Air Compressor set at a nominal operating 
Meeseure of 100 psig. Sufficient air pressure was obtained 
Peeeeeeilating the supply valve from the building air system 
gecmemstalling a throttling valve prior to a manifold. Both 
the pressure transducers and a 20 inch water manometer are 
connected to the manifold. In addition an exhaust valve that 
@amepe throttled is also attached to the manifold. With the 
building air supply completely disconnected and all manifold 
valves open, the zero point is set. The air supply is then 
connected to the manifold and the pressure is raised to 5.0 
Or Z0 inches of water depending on the transducer to be 
@uemorated. A vacuum can be obtained by inserting a tee 
meEeine into the poly-flo tubing ahead of the inlet throttling 
valve. This forms an eductor that takes a suction on the 
manifold. By varying the building air supply valve and the 
throttle valves connected to the manifold the desired vacuum 
can be reached. When calibrating the 0 to 35 inch transducer 
memes Vital that the valve isolating the lower range trans- 
ducer be secured. An additional safety precaution is to 

have a vent valve installed between the manifold and the 
transducer. This safety valve is to be open whenever the 
moeinely transducer 1S not in use. After raising the pressure 
to the high end calibration point the pressure is trapped in 


the manifold by closing all valves. A transducer reading is 


Pay 





then taken and recorded with the pressure reading from the 
manometer. The process is then repeated with several values 
ath the low end of the pressure range. These voltages and 
@emresponding pressure values are then inputed into the Che- 
bysiev polynomial program and the coefficients for a list 
degree euqation are obtained. These coefficients are then 
inserted into the data acquisition program. 

It 1S important to note that the transducer can be set 
for reading either positive or negative differential pressure. 
Once a transducer has been calibrated for the desired positive 
Or negative range measuring a pressure of the opposite sign 
feameiecause the zero point of the transducer to shift. Re- 
calibration will then be required. Because both positive and 
negative differential pressures were measured it was found 
m@uaeeone transducer had to be calibrated for pressures less 
than atmospheric and one for pressures greater than atmos- 
pmeric. A Sample calibration program is included in Table 
er 

Once the calibration process is complete the data 
fequisition program is run. This program will record the 
required pressures and temperatures and upon completion 
Store the values under the desired filename on the flexible 
disc. The data reduction program is then loaded from the 
disc storage and executed. Upon completion of the data 
reduction program, plot programs are called which will 


peevide Output on the 7225-A Plotter. 
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The data acquisition system as presently configured is 
semi-automatic. Temperatures can be automatically taken in 
Sequence but the program must stop and allow the operator to 
manually step the scanivalve and arrange the valving for the 
correct transducer. The use of a digital stepping device 
would further automate the process. Additionally, a trans- 
ducer dedicated to only determining positive or negative 
differential pressure and electrically operated manifold 
valves would complete the process. 

Even though the system 1S not yet completely automatic. 
the ability to reduce data on site provides more flexibility 


and ease of conducting the thesis research. 
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DISP “HARD LOPYcl=ves 2=no3" 
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IF H#1 THEN 448 
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TABLE C-I. SAMPLE CALIBRATION PROGRAM 
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ILLUSTRATION OF DATA ACQUISITION SYSTEM 


FIGURE C-ITa. 
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Pee OLX:  D 
UNCERTAINTY ANALYSIS 


ieoedetermination of the uncertainties in the experimen- 
Bummepcetermined pressure coefficients, pumping coefficients, 
amaevelocity profiles was made using the method described by 
Kline and McClintock [6]. The uncertainties obtained by 
Ellin [1] using the second order equation suggested by 
Kline and McClintock [6] are all applicable to the experi- 


iemeate work reported herein and are summarized in the follow- 


imagecable. 
TABLE XIV 
UNCERTAINTY IN MEASURED VALUES 

i celiac 
T te RR 

Pp 

Ea =U. psaa 

AP £2020) an: H>0 
Py ee) Oa Ia etd 5 
u eam ObeOES) Cat H»0 
AP. (+) Sea O eee ene io 0 
epee ) Se yee lis. 0 
Le me Out atic il 5 U 

- : 
aE ae. eee eee 1150 
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fr Oe 
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(rae an H»>0 


UNCERTAINTY IN CALCULATED VALUES 


b—2 
LO 
Qe 


— 
PS 
Qe 


Dai 


Qe 


Miempuecsibke dicrerential across the secondary 
flow nozzles, Pes is the major source of un- 
Gértainty in the pumping coefficient. 
(mememesscure dirrerential across the tertiary 


flow nozzles, P is the major source of un- 


fe” 
Sentai, am the pumping coefficient. 
TiemieasunenentsOr the total pressure for the 


Venom sDTOLMIG 15 the major source of un- 


Smee eiimemune velocity Calculation. 
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